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Why is Top Interesting?

>
>

Discovered by CDF and D@ in 1995.
Pair production by strong interaction.
EW decay and single production.
Top*+W mass constrain SM Higgs mass.
A major background for Higgs and NP
searches.

Most of the interests come from the
potential to find NP, e.g., why is it so
heavy? Is it the SM top!? ...
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Why is Top Interesting?

>
>

Discovered by CDF and D@ in 1995.
Pair production by strong interaction.
EW decay and single production.

Top*+W mass constrain SM Higgs mass.

‘ Very Rich Physics Program ‘

A major background for Higgs and N
searches.
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Tevatron At Fermilab

Integrated Luminosity 5852.75 (1/pb) (delivered)
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Excellent performance:

e Record instantaneous lumi.: 3.5x1032 cm-2s-!

The only place that has + Total delivered ~5.8 fb-

produced top quarks! « Results based on <3.5 fb"!
* Projected ~10 fb-! by end of FY10
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CDF and Dzero Detectors
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Finding Top quarks is
challenging!
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Selected Results

» Single top production
— cross section (|Vtb|, anomalous coupling)

» Top pair production
— cross section, M(ttbar) spectrum
— search for new physics (ttH, t’)

» Top decay

— branching ratio, FCNC, rare decay
— charged Higgs search

— W-helicity

» Top mass

7

Z.Ye

2/10/2009



Single Top Production

At the Tevatron:
s-channel: 0.88 pb t-channel: 1.98 pb

q I o q
W/~ W

b f

q b 9 b

Direct access to the Wtb coupling

- overall rate and ratio between s- and

t-channels are sensitive to NP

* Experimental challenge:

-cross section ~ half of the ttbar
-mostly done in lep+MET+jets
-large backgrounds from W+2 jets
-S/B ~1/200 before b-tagging

* Need multivariate techniques to

extract signal.
8
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Single Top Production
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-large backgrounds from W+2 jets
-S/B ~1/200 before b-tagging

* Need multivariate techniques to

extract signal.
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Neural Network:
Train with MC to
optimize weight

Train with MC to
determine the shape of
the tree

Matrix Element:

Calculate signal/background probabilities
from the cross section Matrix Element
and detector resolutions
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Single Top Production — Cross Section, V,
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Single Top Production — Cross Section, V,

CDF and D@ tb+tgb Cross Section
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New channel explored by CDF:
MET + jets 4.9 72°pb
complement the acceptance
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Constraints on Anomalous Couplings
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Selected Results

» Single top production
— search, cross section (|Vtb|,anomalous coupling)

» Top pair production
— cross section, M(ttbar) spectrum
— search for new physics (ttH, t’)

» Top decay

— branching ratio, FCNC, rare decay
— charged Higgs search

—W-helicity (anomalous coupling)

» Top mass
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Top Pair Production

antiproton

~85% qqbar
~15% gg

Top Pair Branching Fractions Decay

“alljets” 44% W+ =

tHets 15%

100% t—W+b in SM
[SM=]| 4 GeV at m=175 GeV

L+jets 15%

¥ e+jets 15% ]
"dileptons™ "lepton+jets™

event selection by:

* event kinematics and topology
e isolated lepton (optional)

* MET (optional)

* b-jet ID (optional)

main background:
e WI/Z+ jets
*  multi-jets
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Top Pair Production - Cross Section

Measure in different final states. NP may affect differently.

CDF Run Il preliminary’ July 2008 . o
" [ Cacciari et al., arXiv:0804.2800 (2008)  Agsume m.=175 GeV/ic® Dg Ru n " = preliminary August 2008
Kidonakis & Vogt, arXiv:0805.3844 ({2008) t T
[ Moch & Uwer, arXiv:0B07.2794 (2008)
) ; & I+jets & dilepton & tau+lepton* 7.3 1046 +0.64
Lepton+Trac] ~ HeH .83 1545 a3 t048 pb
IS 8.3+1.3+0.7+0.5 107"
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N 10.1:1.8+1.1:0.6 0.0 fo-"
s T I+jets (neural network b-tagged)* 8.20 *0-52 +0.77 .4 50 pb
Dilepton H@+H 2V 950 -0.66 1050 P
(=281 6.7+0.8+0.4+0.4 10
. tis e dilepton (topological)* e H +1.12 +0.78
Lepton+Jets; Kinematic ANN: 7.03 _1.04 —0 59 1043 pb
(=281 6.8+0.4+0.6+0.4 1.0
. HHh— l+track (b-tagged)* +16 +0.9
Lepton+Jets; Vertex Tag H—e—FH 5.0 7.7 o5 03 pb
Le2.7 b 7.2+0.4+0.5+0.4 10 f' 14 -08
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(L: 20 fb-‘]) éﬁ 78L24i1 SLOS 22fp! 1.24
. & tau+jets (b-taggedy . M +43 +07
Lepton+Jets; Soft Muon Tag I L 4 1 51 2t _n- %03 pb
(L=2.01 " 8.7+1.1+0.9+0.5 0.4 b 35 -0.7
CH alljets (b-tagged, PRD) 20 +1.4
MET+Jets: Vertex Ta 0.8 ' H—e——FH 45 oo 7.7 03 pb
(L= 0‘3fb-‘?) g 6.1+1.2 +,.+0.4 0.4 fb-" 19 -11
& (stat) (syst) (lumi)
All-hadronic: Vertex T 2.0
=10y e 8.3+1.0 +75+0.5 75 ey M M. Cacciari efal., afXiv:0804.2800
. ) h i mpCTEQG oM N. Kidonakis and R. Vogt, arXiv:0805.3844
e % 7.0£0.3+0.440.4 ‘ S. Moch and P. Uwer, arXiv:0804.1476
' (stat)x(syst)r(lumi) | B L L I
| \ | | | | | | 0 2 4 6 8 10 12
0 2 4 6 8 10 12 14

(PP —> 1) (pb) o (pp —>tt) [pb]

CDF combined (0.3-2.8 fb! ) : D@ combined (0.4-2.2 fb'):
7.0+0.3(stat)£0.4(syst)£0.4(lumi) pb 7.8+0.5(stat)0.6(syst)£0.5(lumi) pb
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M avents [ bin

Top Cross Section - Top/Z Ratio

CDF Il Preliminary 2.8 i M. >3
E + m daia EESBE- avis) : CDF Run Il Preliminary L = 2.7 fb
:_ - top 400 __ . Data
- I Weets B « [l Top 7.1pb)
— - QoD B Il single Top
- B Bw+nurF
— + + 300 B . Mistags
E B I Non-w
[ = Pz+jets
E 200 __ Di-boson

100/

0.1 02 0.3 0.4 0.5 06 0.7

2 Jets 3 Jets 4 Jets =5 Jets

1 Jet

NN output

CDF NN (2.8 fb-! ):
6.9+0.4(stat)+0.4(syst)0. | (theo) pb

CDF btagged (2.8 fb! ):
7.0+£0.4(stat)+0.6(syst)*0. | (theo)pb

CDF recently measured the Top cross section through Top/Z ratio with
greatly reduced systematic uncertainty due to lumi.
The uncertainty in one single measurement is 8.2% (9.7% in direct
measurement), comparable to theoretical uncertainty.

2/10/2009
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M(ttbar) Diff. Cross Section/Spectrum

CDF Il Preliminary

Q
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—
107 E
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b-tagged events

70_w D@, L=2.1fb" = Data
60" H Preliminary Z_’(BSO Gev)
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50 oA Single top
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- Wojets
30— ,
= Z+jets
20 B Multijet
10
SN, B TR
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M [GeV]

m, > 760 GeV @ 95%CL|  “udan

M(tt) sensitive to a broad class of NP models, e.g. peak-dip structure (MSSM), narrow
resonances (£’ boson). No evidence for new physics.
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Search for New Physics — ttH(->bbar)

o | DO Runll 2.1 fb™ Preliminary A
0.30 3 @ e
= S >5 i = tt
025 E Sy 20lets, =2tag B Wejets
3 5 E Z+jets
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Search for New Physics — t’

{ observed

101}

100}

400

Hr (GeV)

Assuming t’
pair-produced strongly
mass larger than top
decay promptly to Wq

CDF Run 2 (2.8 fb")
Preliminary

m(t')=300 GeV
/ [
} 107
+ observed
100F
F | B top
[ Wijets
M QCDh
10-1E Q
800 0 100

CDF Run 2 (2.8 fb")

) ik Preliminary i
= F t'—Wgq, > 4 jets ]
~ [
= Hy vs Mreco

1

-3

3

0-1:' range of observed

expected 95% CL
upper limits

theoretical prediction
Bonciani et al.

300 200
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1
200 500

Z.Ye

CDF Run 2 (2.8 fb™)
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Selected Results

» Single top production
— search, cross section (|Vtb|,anomalous coupling)

» Top pair production
— cross section, M(ttbar) spectrum
— search for new physics (ttH, t’)

» Top decay

— branching ratio, FCNC, rare decay wr

— charged Higgs search —L
—W-helicity (anomalous coupling)

» Top mass

20 ZYe 2/10/2009




Top Decay - Branching Ratio

Decay
I*, q
w+ - \ a'
t J
b
b

100% t—W+b in SM,
deviations suggest NP

21

_ D@ Runll

g 600- e Data (L=0.9fb") '8_
> -
— ttR=1 -
i Tt R=0.5
400 .
4 = tt R=0
J Background
200 H
[ ]
0 [ :
0 1 >2

-
o

L=0.9 fb’

7

95% C.L.
68% C.L.

08 0.9

R = Br(t->Wb)/Br(t->Wq)
> 0.79 @95% C.L.

V.| > 0.89@95% C.L. (if 3x3 CKM is unitary)
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Top Decay — FCNC, Invisible Decay

. . ~14 .
SM FCNC branching ratio ~ 10 Best Fit to Mass y?
. . o LS L .
? Sensitive to NP = Tageed Anti-Tagged Caontrol
q IE: (13 Events) [3F Events) {136 Event)
40k ® Data(1.0/h | CDF II Preliminary |
[ FONC 1 (3.7%) [Ldr=191fb!
I- ‘ Fit Uncertainty
- i 0 Z + Jets (HF & LF)
nt B Standard Model 1t 1
B(IHZQ) < 3.7% (CD 05%, C 1. B Diboson (W2, 22)
. . .
Invisible Decay Search: gﬁn—..u.._..
] 2 4 f f) 2 4 f
a
Measure absolute rate of 2 ( Y cec — My PDG ) L ( My rec — Mz
events with 2 btag-jets to Gy O
determine Br(t->X). X is__
a state with different @S CDF Run II Preliminary 1.9 fb="
acceptance than Wb Decay Fwepww (o) Upper Limit (%) Upper Limit (%) Upper Limit (%)
(175 GeV) (172.5 GeV) (170 GeV)
1720 Bt — Zc) 32 13 15 18
B(I — ZC) < 13 /U Bt — gc) 27 12 14 17
. A Bt — yc) 18 11 12 15
B(f — mvisible) <9%| #i—imisbe o 0 10 12
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Nevents/[6 GeV/c?]

Bt —» H' hywith all " — oF
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Top Decay

Di-jet mass in top decays [CDF Runll Preliminary]
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—— Dala
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‘_""ﬂuﬂla.nl.-ﬂﬂ------------h—- 1ot e 8
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—— SM expected @ 95% C.L.
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— H+ (mH+<mt) Search
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1077 X
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Top Decay - W-Helicity

CDF Preliminary (JLdt = 1.9 fb1)
Assumes myg = 175 GeVic?

Matrix Element:

T HH
IR

+

(fix f+=0.0)

f,=0.64 £0.08 +£0.07

nununm S

HHEHHHH

Cos 6* Unfolding:

—— ©
£,=0.15+0.10£0.04

f,=0.38 £0.21%0.07

£,=0.01:£0.05+0.03 (fix £0=0.7)

(fix £+ = 0.0) £ =0.66 +0.10 +0.06

nunnm S

Cos 0* Template:

@
£,=0.65 +£0.19 £0.03

‘ NN

£,=-0.03 £0.07 £0.03

= =

@~ (fix £0=0.7)
f,=-0.04 £0.04 +0.03

(fix £=0.0) f,=0.59 £0.11+0.04
[ § 1 1 | | L1 | | || | 1 g ] | |
0 0.2 04 06 0.8

W-Helicity Fraction from Top Decay

24

W helicity in top quark decays
ST SRS O A 1
t= g

o
3t e
\A b b
2 2
Fa e _030 R~ ™ _-070 F =0
m; +2M m, +2My.

* Reconstruct helicity angle of
lepton in top quark pair event

‘_01 20
C DO Run Il Preliminary
1_
C L=22-27fb"
0.8— w
0.6/

0.4F

fo =0.490+0.106£0.085

T £.=0.110+0.059+0.052
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Constraints on Anomalous Couplings

Constraint from W-helicity

DG 1fb* 0.1

Constraint from single top

25_ DO 0.9 fb' (b) 4 Do ogtn' (d) 25_ DO 0.9 fb' ()
1.8 " 1.8}
1.6 1.6
w 1.4 . 1.4
o 12F o 20 o 12
-":;N 1 :f":.'- 2 "'S___N 1
0.8" 1.5 0.8"
0.6 3 06"
04 0.4}

02} . °'2m

% '5 2 25 3 3.5 4 % 05 11572 2.5 3 3.5 4 % 051152253354

L2 L2 L2
it it it
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Constraints

on Anomalous Couplings
Constraint from W-helicity

it
Combined with the constraint from single top

(d) - (b) - (f)
, o “ID@ 1fb" e Measured Peak € - “'D@ 1fb" e Measured Peak A “ID@ 1fb" e Measured Peak
w I [Je8% C.L. [ [Je8% C.L. i [Je8% C.L.
1.5 Mo0% C.L. 1.5 Mo0% C.L. 1.50 W920% C.L.
; Mo95% C.L. I Mo95% C.L. ; Mo95% C.L.
1T L
0.5" 0.5 0.5F
1 2 3 4 - 1 2
If:I2 If:I2
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Selected Results

» Single top production
— search, cross section (|Vtb|,anomalous coupling)

» Top pair production
— cross section, M(ttbar) differential cross section/spectrum

— search for new physics (ttH, t')

» Top decay

— branching ratio, FCNC, rare decay
— charged Higgs search

—W-helicity (anomalous coupling)

» Top mass
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Top Quark Mass

Fundamental parameter of the SM

Important ingredient for EW precision analyses {\éaeS\f] R

= incisive consistency checks
= constrain/rule out models

Sophisticated techniques to minimize statistical 1¢?
and dominant systematic uncertainties (in-situ
calibration of jet energy scale correction in 10*
|+jets channel through hadronic M,y).

10°
= SRR >500 T T 1
045 pg, 1 b ¥ 7" D@, 1fb" 10
O40- +~data 3§ O a0k ~data |
Q35- LT | 27 LT f
0n30- BW+jet 1 = 0 B W+jet ] 2
= 1 ®»30; ] 10
S25° B multijet]; £ | B multijet -
520 1 Sy ]
15} EI TR 3
10 E 100 ] 10
5- * E } ]
%o 40 60 80 100120140160180 %o 100 150 200 250 300 350
m,(GeV) m;(GeV)
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Top Quark Mass - Matrix Element Method

— The M.E. method is based on the calculation of event probability densities which are taken to

be the sum of all contributing ( and assumed to be non-interfering ) processes. For example,
in the case of two major processes:

evt(X m ) = ftop sig (X mt!‘JES)+(1 ftop)Pbkg (X JES)

— Probabilities are taken to be the differential cross sections for the process in
question. For example, the signal probability is given by:

5|g (X mtop) - do-(x’ mtop)
obs(mtop)
1
_ x j do(y)da,da, f (a,) f (a,)W (Y, X)
obs (mtop
27)4 M’
where: do=— ) M dd,

4\/(Q1 g, —mym,
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Top Quark Mass - Matrix Element Method

Probabilities are calculated for each individual event as a function of m,,, (and JES):

10 - '

2 g 2
T

i Signal Probability
- -

- B
T

0]

 Signal Probability
E] ] g & g g
1t Signal Probability

170 180 190 180 180
Top Mass [GeVic’] Top Mass [GeV/c?]

\Emnt I Event 2

180 190
Top Mass [GeVic?]

Eve m:.n/

30

e

L (X, M) =] [P (M)
i=1

D@ Run lIb Preliminary, L=1.2 fb"

n 141
w " lepton+jets, calibrated

S F ,
108~ /N w

1.06— \
1.04 ~ \
\
- \‘,
\
1.02 » \
I N AWL=20 |
1 N — o
L A InL=4.5

098IIIIIIIII|III|IIlIlIIIlII]III
) 166 168 170 172 174 176 178 180
M,,, (GeV)

173.0+1.9(stat+]ES) £1.0(syst) GeV
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Top Quark Mass — Template Method

1-tag Lepton+Jets i Tagged DIL
£ o1 £0.09-
5 B E =
g f 2 o008 M_ =160 (GeV/c®
30'035 — M, =160 (GeV/c?) 20070 — M, = 160 (GeV/c’)
L — M__ =170 (GeV/c’) 0.06] — M, = 170 (GeV/c?)
0.06— top B
= 0.05 =
i — M, = 180 (GeVic?) 0.04F — M, =180 (GeV/c?)
0.04— E
C 0.03
0.02[ 0.02F
- 0.01F
0 P R R A e ! —_ ‘?7 A N
150 200 250 300 §50 00 150 200 250 300 "2550
M;#°® (GeVic") M2 (GeVic")
£ 2 -
5 E — 1.0 A5 (o) s 0'1,_
20.05F 2L i
< L Zonal — M, - 160 (GeVic’)
C — 004, (s) 0.08/-
0.04 - 2
C i — M__ =170 (GeV/c?)
E—+1.0 4 (o) 0.06— ’
0.03 - ,
E R —— M__ =180 (GeV/c?)
C = top
0.021- 0.04
0.01 0.02-
£ = e, L RN BT —l
?')0 60 70 80 90 100 110 2 00 50 100 150 200 250 300 350
M, (GeVic') mT2 (GeV)

N
i = exp (_ (np —ny)? » H NsPsig (i, Yis Miop, Asps) + nsPyg(mi, yi)

b i=1 s T 1
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Top Quark Mass — Template Method

o
&L
> 80~ + 1-tag: 347 events
2 70 e Data
'E 60 Signa|+Bkgd
c
g 50 2% Bkgd only
w40
30
20 CDF Il Preliminary (3.0 fb'1)
10 L %
200 250 300 gSO
mece (GeV/c’)
-
£ 80— CDF Il Preliminary (3.0 fb
= 70 1-tag: 347 events
2 o Data
= 60— -
< 50 Signa|+Bkgd
5 L
Y 40
30
20
10

6w 70 80 90 100
m, (GeVic")

172.5 1.6 (stat.+JES) £ I.1 (syst) GeV/c2

y

Events/(10 GeV/c

Events/(10 GeV/c)

22—
20
187
16 ; e Data
14f Signal+Bkgd
12
10

8E

6

ar

2f

e % e
foo 150 200 250 300 350

o N A

Tagged 82 events |||I|

miWA (GeV/c)

Tagged: 82 events

e Data

Signal+Bkgd
22 Bkgd only

CDF Il Preliminary (3.0 fb'1)
P’ —_—
200 250 300
mT2 (GeVic?)

169.0 £2.7 (stat.) £ 3.2 (syst) GeV/c?

Combined: 171.8 £ |.5 (stat.+]JES) = I.1 (syst) GeV/c?
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Top Quark Mass — Direct Measurements

Fundamental parameter of the SM

Important ingredient for EWV precision analyses
= incisive consistency checks

—> constrain/rule out models

Sophisticated techniques to minimize statistical
and dominant systematic uncertainties.

Current world-average (most sensitive channels
use up to 2.7 fb’!):

m, =1724+0.7(stat) =1.0(syst) GeV

Measurements are limited by systematic
uncertainties (signal modeling, b-jet response).
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Tevatron Top Quark Mass

Best Independent Measurements (* = preliminary)

CDF-l dileptons

D@- dileptons

—

CDF-ll dileptons *
D@l dileptons *
CDF-l lepton+jets
D@-l lepton+jets
CDF-Il lepton+jets *
D@-lla leptontjets *
D@-llb leptontjets *
CDF-l alljets
CDF-ll alljets *

Tevatron Average *

—-
LS )
—
-8
g
—_—
- -

167.4 £ 10.3 + 4.9
168.4 + 12.3 £ 3.6
1712 £ 27 £ 29
1744 = 3.2 £ 21

176.1

I+

5153
180.1

I+

3.9 36
1.0 £ 13
15+ 15

172.2
1716 ¢
1730 = 1.3 £ 1.7
186.0 £ 10.0 + 5.7

1769 £ 26 + 3.3

%2 dof = 6.9/11.0 (81%)

> 172.4 £ 0.7 £ 1.0 GeV

| 111 | |

August 2008

Z.Ye

160 170 180 190
Top Quark Mass [GeV]
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Top Quark Mass - From Cross Section

34

Assuming SM production, top mass can be extracted by
comparing measured to calculated cross sections
- mass is measured in a well-defined renormalization scheme

- systematic largely uncorrelated with other methods
DO Preliminary, ~1 fb™

2114 L (e Moch and Uwer

513:— DO I+jets/dilepton/l+tau ~1 fo'
5 - . 68% CL contour

D1oF ~ | 22223 world average top quark mass
o : 3

m I~
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O r
I== L

10

[=2] ~ (o] ©
TT T T T T[T T T [TTTT 0T

U’I
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top quark mass (GeV)

ZYe 2/10/2009



Summary

» A broad and exciting Top physics program on-going at the
Tevatron.

» Many new results, consistent with SM.

More results at

» Keep trying to improve sensitivity and precision.
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http://www-cdf.fnal.gov/physics/new/top/top.html
http://www-cdf.fnal.gov/physics/new/top/top.html
http://www-cdf.fnal.gov/physics/new/top/top.html
http://www-d0.fnal.gov/Run2Physics/top/top_public_web_pages/top_public.html
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